For the first time, we demonstrate a novel pan-milling mechanochemical technique for preparation of N-doped graphene nanosheets (NGNS) by utilizing solid-state shear-milling (S 3 M) graphite with melamine. It is found that S 3 M not only facilitates the direct exfoliation of graphite into few-layer graphene nanosheets (GNS), but also enables nitrogen element to be doped into the graphene using melamine as solid-state doping and assist-grinding agents. The prepared NGNS reveals a nitrogen doping content about 5.09 wt.%, and exhibits high reversible specific capacities about 582 mAh g −1 and 300 mAh g −1 at current densities of 100 mA g −1 and as high as 2 A g −1 , respectively, which are far superior to the commercial graphite as well as the undoped milled analogue when used as anode materials in lithium ion batteries (LIBs). The method presented in this article may provide a facial, low-cost, scalable and eco-friendly strategy for preparation of functional graphene as promising anode materials for high performance LIBs.
Introduction
As one of the most advanced rechargeable and portable electronic devices, lithium ion batteries (LIBs) have demonstrated great development in the field of electric vehicles (EVs) and other energy storage systems. 1−3 With increasing demands in high energy and power densities for the electrochemical energy storage devices, improving the capacity, rate performance and cycle life of LIBs is inevitable. 4 Owing to its unique electronic, optical, thermal and mechanical properties, 5−6 the two-dimensional monolayer thick graphene, 7 has been wildly used in electronics, 8 fuel cells, 9 supercapacitor, 10 solar cells 11 and batteries. 12 Particularly, the outstanding theoretical surface area (2630 m 2 g −1 ), excellent electrical conductivity (~10 6 S cm −1 ) and high chemical diffusivity of Li (~10 −7 -10 −6 cm 2 s −1 ) endow it a potential electrode material for LIBs. 6, 13 The theoretical capacity of graphene (~ 744 mA g −1 ) is about twice of the commercial graphite when utilized as anode for LIBs. 14 Recent studies have revealed that introduction of various heteroatoms, such as nitrogen, 15 boron, 16 sulfur, 17 or phosphorus 18 in graphene, is an efficient approach to further improve the electrochemical performance of pristine graphene. Among them, nitrogen-doped graphene is of particular interest. The nitrogen-containing edge functional groups and doping-induced defects, increase the disorder degree of graphene basal sheets and create more storage sites thus improving the reversible capacity. 19 Furthermore, the doped nitrogen atoms drastically modify the electrical conductivity and increase the lithium-ion absorption energies due to its stronger electronegativity than carbon atoms. Therefore, nitrogen-doping graphene has been proved to be a promising electrode material for LIBs. 20−21 Several approaches, such as chemical vapor deposition (CVD), thermal treating graphene oxide (GO) in the NH 3 atmosphere, N 2 or NH 3 plasma treatment and solvothermal synthesis, are reported to prepare nitrogen-doped graphene. 15 CVD is a bottom-up approach to fabricate a large area of graphene thin film for decades. 22−23 However, the CVD method has the difficulty in scale up production due to the high cost and complex fabrication process. atmosphere at high temperature is an efficient and economical method. 24 However, the reaction conditions of such method are stringent and the doping content is strongly temperature-dependent. 25−27 Alternatively, N 2 or NH 3 plasma doping can easily adjust the percentage of the doping nitrogen by varying the plasma strength and exposure time. 28−29 But the requirement of high pressure reactions is the adversity of this method. Solvothermal synthesis based on Chemical derivatization and reduction of GO, although convenient and versatile in terms of doping thus most widely adopted, may introduce structural defects to the basal planes of graphene nanosheets and is generally despised because of using hazardous/toxic reducing reagents. 30 Recently, the mechanical ball-milling method, attracting extensive attention due to its low-cost and eco-friendliness, has been applied to grind graphite to obtain few-layer graphene and edge-doped graphene. 31−33 The N-doped graphene, produced by ball milling graphite with N-containing sources such as N 2 , NH 3 , melamine and urea, has been used in supercapacitor, fuel cells or LIBs. 34−37 Upon grinding in the high energy ball-milling equipment, the graphite is gradually crashed and exfoliated into small few-layer graphene nanosheets and the process accompanies the generation of free radicals which react with the N-containing sources. Mechanochemical exfoliation method represents a feasible approach in a simple and facile manner. The method is not only scalable which is very much desired for commercialization but also provides great flexibility in tuning the chemical structure of 2D materials for tailored and enhanced lithium storage performance. Herein, we report another novel mechanical method pan-milling to prepare N-doped graphene. Pan-milling, taking advantage of a self-invented mechanochemical reaction equipment, offers strong three-dimensional (radical and tangential directions and strong squeezing force) shear force which has been successfully utilized for pulverization, blending and activation even initiating mechanochemical reaction of polymer-based nanocomposites. 38−41 Recent study showed that pan-milling also had an exfoliation effect on graphite when graphite was treated as fillers in the purpose of fabrication of pan-milled polyethylene/graphene composites. 42 The strong shear force and large shear area provided by the pan-milling equipment, make the exfoliation of graphite and the generation of free carbon radicals even more easily than ball-milling. However, there is no relevant literature reporting that heteroatom-doped graphene can be obtained by this pan-milling method. In this paper, for the first time, we prepared N-doped graphene by pan-milling commercial graphite with melamine as nitrogen source and NaCl as assist-grinding agent. The pan equipment, acting as a three dimensional scissors, offers strong solid-state shear milling (S 3 M) force to the milled materials, realizing the exfoliation of graphite to small few-layer graphene sheets, the reaction of active carbon radicals generated upon milling with melamine, and thus the doping of nitrogen element to the graphene planes, simultaneously. The as-prepared NGNS are investigated in details by XRD, SEM, HRTEM, TGA, XPS and Raman spectroscopy, which also exhibits, especially at high currents, superior reversible capacity and rate capability as LIB anode active material when compared to pristine graphite and undoped graphene.
Experimental

Preparation of NGNS by S3M method
Graphite (C, 325 mesh Qingdao Haitai Co., Ltd., China) and melamine (Shanghai Aladdin Co., Ltd., China) were used as received. In typical milling process, 6 g graphite, 60 g melamine and 540 g NaCl were mixed. The mixture was milled at 200 rpm by pan-type equipment for 10 or 20 cycles, and the samples were denominated as NGNS-10th and NGNS-20th, respectively. After the pan milling, the resultant materials were washed with boiling distilled water for 5 times to remove the residual melamine and NaCl, and then dried by freeze drying for 24 h. Undoped graphene nanosheets were milled 20 cycles (GNS-20th) for comparison without melamine, following the same procedure as the above.
Materials characterizations
X-ray diffraction (XRD) of graphite, GNS and NGNS were performed on a Rigaku (Smart lab Ⅲ) using Cu Ka radiation with a 2θ step width of 0.01° from 10° to 80°. Raman spectroscopy was collected using a Raman spectrometer (Lab RAM, HR, France) with a He-Ne laser of 632.8 nm. The surface area was measured by Brunauer-Emmett-Teller (BET) method on Micromeritics Tristar 3020 in the nitrogen atmosphere. The high resolution transmission electron microscopy (HRTEM, Tecnai FEI, America) and field emission scanning electron microscopy (FESEM, Quanta FEI, America) images were performed to characterize the microstructure and morphology. X-Ray photoelectron spectra (XPS) were carried out suing ESCLAB 250 Xi X-ray photoelectron spectrometer (Thermo, America). Elementar micro-analyzer (VARIO MICRO) was applied to investigate the content of the C, H, N chemical elemental. The thermal stability of graphite and NGNS were conducted on a TGA-Q50 (TA Instrument Co., Ltd., America) with a heating rate of 10 °C/min from 30 to 800 °C in the nitrogen atmosphere.
Electrochemical measurements
The electrochemical performances of the NGNS, GNS and graphite were investigated using CR 2032 coin-type cells. The slurry, a mixture of 80% active materials (graphene or graphite) with 10% acetylene black carbon and 10% polyvinylidene fluoride (PVDF) binder in the solvent of N-methy-1, 2-pyrrolidone (NMP), was cast onto copper foil and dried at 100 °C in vacuum for 15 h. Then the film was punched into ∅ = 13 mm discs with about 1. 
Results and discussion
The fabrication process for NGNS via all-solid-state pan-milling graphite with melamine is schematically illustrated in Figure 1 . The self-designed pan-milling equipment is constituted with a big movable and a fixed pan, which provide larger shear area than ball-milling machine. As shown in Figure 1 , each pan contains eight equal sections which have bevel slots paralleled with their own dividing lines. Considering that graphite and melamine are both lubricative materials which might reduce the shearing effect and jam the pan equipment when milling together alone, water soluble NaCl is employed as an assist-grinding agent that is inert in the doping reaction and can be washed off easily afterwards. 43−44 When the movable pan rotating, the tight adjacent pans provide strong shearing and force the grinding agent NaCl particles diminishing and moving relatively, which execute powerful friction that break the Van der walls force between the graphite layers. Furthermore, the exfoliated graphite layers are crushed into smaller flakes and stripped by the bevels and NaCl particles, generating free radicals at the breaking points. At the same time, the melamine and NaCl absorbed and dispersed on the graphite layers prevent the flakes restack and the melamine molecules react with the free radicals to form C-N bond. After being milled 20 cycles, the few layer NGNS samples are obtained. Figure 2a show the XRD patterns of pristine graphite, GNS and NGNS with different pan-milling cycles. Graphite presents a typical sharp diffraction peak at 2θ = 26.5°, corresponding to the graphitized carbon materials with interlayer distance about 0.34 nm. 45 As can be seen in Figure 2 , with increasing pan-milling cycles, the intensity of this peak continuously decreases. After pan-milling for 20 cycles, it almost disappears and is replaced with a new weak and broad diffraction peak, which can only be detected after being magnified by 180 times (inset of Figure 2a ), suggesting an efficient exfoliation of graphite particles even into few-layer graphene sheets. structure within graphene. 48 The above Raman spectra analysis implies that more disorder/defects which result from the exfoliation, pulverization and heteroatom-doping are induced along with the pan-milling process. 49 The chemical element content of the NGNS was analyzed by X-ray photoelectron spectroscopy (XPS). As exhibited in figure  3a , three peaks can be detected at around 284.5 eV, 400.5 eV and 531.6 eV, corresponding to the characteristic peaks of C1s, N1s, and O1s, 50 with the atomic content of 94.58%, 3.39%, and 2.03%, respectively. The XPS result proves that the nitrogen element has been successfully doped into the graphene by pan-milling. Moreover, the high-resolution spectrum (Figure 3c ) of N1s peak can be resolved into three main peaks located at 398.5 eV, 400.1 eV and 401.5 eV, associated with pyridinic N, pyrrolic N and graphitic N, respectively, 50−51 as shown in Figure 3d . The majority is dominated by pyridinic N (28.2%) and pyrrolic N (68%), which are situated on edges or defect sites in the graphene plane and are more active than graphitic N, beneficial to electronic conductivity of the graphene as well as the lithium kinetic thus an improved reversible capacity in LIBs. 52 The corresponding high resolution XPS C1s spectrum can be deconvoluted into four primary components, attributable to C-C (284.57 eV), C-O (285.12 eV), C=N (286.31 eV) and C=O (290.16 eV) as shown in Figure 3b . The generation of C-N bonds along with its detailed analysis of binding configuration further evidences the doping of N element in the GNS. C-O and C=O is mainly associated with the adsorption of O 2 or H 2 O in the air. Quantitative C, H, N element analysis was carried out for pristine graphite, GNS-20th and NGNS-20th (Table 1 ). The relative content of nitrogen in NGNS-20th is about 5.09 wt.%, slightly higher than the value of 3.39 at.% (about 3.91 wt.%) calculated by XPS. This difference is not uncommon though if one understands that XPS is a technique that only semi-quantitatively resolves the surface element composition by scanning the material's surface; Whereas CHN elemental analysis calculates the bulk element composition by combusting the material under oxygen which is more accurate in terms of determining the absolute element composition of a material. However, the percentage of O element of GNS-20th (10.18 wt.%) and NGNS-20th (6.31 wt.%) are about seven and four times higher than that of the graphite (0.54 wt.%), respectively, indicating that the presence of melamine is prone to react with active radicals generated during the milling process to form C-N bonds rather than O 2 or H 2 O if no doping agent is added. Combined XPS and CHN elemental analyses reveal the success of N heteroatom doping in this case. Figure 4a reproduces a typical SEM of pristine graphite before pan milling, which are large flakes and fold together with an average particle size of above 10 μm. In comparison with graphite, the pan-milled samples NGNS-10th, NGNS-20th and GNS-20th reduce obviously to thin layers and the average particle sizes are ≤ 1 μm, indicating the respectively. The surface area of NGNS-20th is slightly larger than the undoped GNS-20th probably due to more defects in the doped sample. 53 After being milled for 20 cycles, graphite could be exfoliated to about 18 layers on average which is calculated by dividing the theoretical surface area of single layer graphene (2630 m 2 g −1
) by the experimental BET surface area of the pan-milled graphene sample (144 m 2 g −1 ). 54 The TEM image in Figure 4e reveals the presence of the graphene nanosheets with typical flexible wrinkles. Furthermore, the HRTEM image in Figure 4f clearly shows multi-layers (e. g. ~5 layers here) with a lattice spacing of 0.34 nm corresponding to that of GNS.
To determine the thermal stability of the NGNS-20th, thermogravimetric analysis was carried out under the N 2 atmosphere. As shown in Figure 6 , the graphite almost has no mass loss, whereas NGNS-20th loses apparent 24.32% in weight up to 500 °C, mainly resulting from the thermal decomposition of N-containing groups via deamination, 15.10% more compared to GNS-20th while the latter's weight loss is a consequence of decomposition of O-containing groups formed in air during pan-milling. Then the mass of NGNS-20th decays gradually and almost is parallel to the curve of GNS-20th along with the temperature rising, indicating a rather complex thermal decomposition behavior due to the interlayer interactions in both the samples. 35, 55 The TG results disclose the existence of N-functional groups in NGNS-20th prepared by pan-milling. The electrochemical behaviors of the graphite, NGNS-20th and GNS-20th as LIB anode materials are compared in Figure 7 . Figure 7 (a-c) show their respective cyclic voltammograms, with a cathodic peak at around 0.75 V in the first cycle which disappears in the subsequent cycles. This phenomenon is ascribed to the formation of Solid Electrolyte Interphase (SEI) film on the surface of graphite/graphene electrodes. 56 It should be noticed that the SEI film related irreversible cathodic peak below 1 V is much stronger for NGNS-20th than that for GNS-20th and for graphite, indicating a possible thicker SEI film formed. Rather than the sharp redox peaks below 0.4 V corresponding to deintercalation of Li + as for the pristine graphite, 57−58 both the pan-milled doped and undoped samples present flatter and broader redox pair peaks, indicating a gradual process of lithiation/delithiation for graphene. 59−60 As shown in Figure S1 , NGNS-10th has a broad cathodic peak around 0.5-0.75 V in the first cycle as well as sharp redox peaks below 0.4 V upon cycling, demonstrating that the exfoliation and doping process is incomplete within limited milling cycles resulting in a mixture behavior of graphite and graphene. From the second cycle onward, the cathodic and anodic peaks reproduce very well, implying stable cycling performances for all the as-prepared materials. The galvanostatic charge/discharge profile of graphite (Figure 7d ) displays a flat plateau at around 0.2 V which is characteristic of the formation of lithium-graphite intercalation compounds. 58 Unlike the graphite, however, the NGNS and GNS pan-milled 20 cycles deliver a pronounced plateau at around 0.75 V in the first discharge curve (Figure 7e -f), which could be accounted for the formation of SEI film. 56 This plateaue disappears in the subsequent cycles as the SEI film becomes stable and is replaced by gradual sloping discharge curves, corresponding to the lithiation/delithiation process for graphene. Different from the interlayer lithium insertion/extraction mechanism for graphite, it is believed that the capacity of graphene originates from the lithium absorption on the graphene sheets, where specific surface area plays a critical role and sloping discharge curves rather than plateaus present. 60 At the same time, interestingly, the NGNS-10th has both features of an obvious plateau at around 0.75 V and a feeble plateau at around 0.2 V as shown in figure S1b. These results are in excellent agreement with the CV analyses. After 5 cycles, the doped NGNS displays the highest reversible capacity among the three.
To further compare the cycling stability of the graphite, pan-milled GNS and NGNS samples, their capacity retention curves at the special current of 100 mA g −1 are plotted in Figure   8a . The initial discharge/charge specific capacities of NGNS-20th and GNS-20th reach to 1259/601 mAh g −1 and 1210/659 mAh g −1 , respectively, remarkably higher than those of graphite (339/289 mAh g −1 ). This can be credited to the higher chemical activity and more defects and surface area in exfoliated graphene especially introduced by doping. However, on the other hand, more surface side reactions with the electrolyte may also occur for graphene samples resulting in a thicker SEI film than pristine graphite, thus a lower initial coulombic efficiency (NGNS: 47.74%, GNS: 54.15%, graphite: 84.99%). Within the first 10 cycles, the coulombic efficiency of NGNS is still relatively low, but 10 cycles later, it can remain above 95%. On the other hand, the capacity of undoped GNS decrease more dramatically than doped NGNS from the second cycle, and after 100 cycles the reversible specific capacity of the former can only maintain 364 mAh g −1 , significantly lower than that of NGNS (582 mAh g −1 ). In addition, the rate capabilities of graphite, NGNS-20th and GNS-20th were tested by stepwise increasing the rate density from 50 mA g −1 to 2 A g −1 and then back to the initial 50 mA g −1 . As demonstrated in Figure 8b , the NGNS exhibits excellent stable capacity at each current rate, and at a very high specific current of 2 A g −1 , a reversible capacity of 221 mAh g −1 can still be remained, which is further illustrated by Figure S2 where NGNS-20th can deliver a reversible capacity of 282 mAh g −1 after 500 cycles at a high current density of 1 A g −1 .
Furthermore, the recovered capacity (~700 mAh g −1 ) of the NGNS-20th is higher than the first ten cycles when the rate is restored to 50 mA g −1 , which could be attributed to the electrolyte activation of nitrogen doped graphene. 61 Apparently, with introduction of nitrogen, the doped NGNS shows a far superior electrochemical stability and rate capability to graphite and undoped GNS. The electrochemical impedance spectroscopy (EIS) measurements were carried out on the three samples, and the nyquist plots before cycling and after 5 cycles are shown in Figure 9 . Depressed semi-circles at high frequency and sloping line in the low frequency are observed, corresponding to the charge-transfer resistance and diffusion resistance of Li + through active material respectively. 21, 62 Figure 9a shows that the NGNS electrode has the smallest resistances compared to the other two electrodes before cycling. After 5 cycles, as shown in Figure 9b , the resistances of all electrodes decrease，among which the NGNS decreases most pronouncedly. 63 An equivalent circuit (inset of Figure 9b ) has been used to analyze the influence of N-doping on the impedance data, where R e represents the electrolyte resistance, the formation of SEI film leads to the emergence of the resistance R s and the capacitance CPE 1 , the charge-transfer resistance and the double layer capacitance are labeled as R ct and CPE 2 , and the Warburg impedance Z w corresponds to the diffusion of lithium ions into the bulk electrodes. 
Conclusions
In summary, a novel pan-milling equipment based facial and scalable mechanochemical method to prepare doped graphene has been established. The NGNS, with the nitrogen doping content about 5.09 wt.%, was successfully obtained through the exfoliation of graphite and mechanochemical reaction with melamine. Compared with the pristine graphite and milled GNS, the produced NGNS shows superior reversible capacity and rate stability as promising anode material in LIBs. Furthermore, the pan-milling technology demonstrated in this work also offers a practical method to exfoliate other graphene like two-dimensional materials and prepare other heteroatoms-doped graphene materials with appropriate doping agents. 
